HIGHLIGHTS

INTRODUCTION
Owing to the superfluous consumption of fossil fuels, anthropogenic emissions of CO 2 to the atmosphere are rapidly increasing, which gives rise to global warming (Bhanja et al., 2018; Molla et al., 2017; Khan et al., 2016; Li et al., 2018) . In this case, reduction of CO 2 into fuels utilizing electric (Ferná ndez-Alvarez and Oro, 2018; Goeppert et al., 2014; Liu et al., 2017; Zhang et al., 2019) or solar (Sun et al., 2018; Wang et al., 2018; Hou et al., 2019) energy was considered as an efficient approach to mitigate the environmental problem. Besides, converting CO 2 into high value-added fine chemicals by organic reaction is also an effective way to recycle CO 2 , which has attracted intensive attention around the world. In particular, N-functionalization of amines with CO 2 and H 2 is one of the most important processes to make use of CO 2 efficiently (Liu et al., , 2018 Nguyen et al., 2015; Sorribes et al., 2015; Li et al., 2013a Li et al., , 2013b Du et al., 2015; Yuan and Lin, 2015; Zhang et al., 2015 Zhang et al., , 2017 Toyao et al., 2017; Ju et al., 2017; Choi and Hong, 2018; Beydoun et al., 2014; Li et al., 2013a Li et al., , 2013b Beydoun et al., 2013; Kon et al., 2014; Cui et al., 2014a Cui et al., , 2014b Yang et al., 2015; Elangovan et al., 2016; Natte et al., 2017; Cui et al., 2014a Cui et al., , 2014b . Thanks to the efforts from a number of research groups, noble metal-based catalysts including both homogeneous and heterogeneous ones, which have been proved to achieve high activity and selectivity, are mainly used in this process. Typical noble metal-based catalysts for the reaction include Re, Pt, Pd, Ru, Rh, Au, and their complexes Nguyen et al., 2015; Sorribes et al., 2015; Li et al., 2013a Li et al., , 2013b Du et al., 2015; Yuan and Lin, 2015; Zhang et al., 2015 Zhang et al., , 2017 Toyao et al., 2017; Ju et al., 2017; Choi and Hong, 2018; Beydoun et al., 2014; Li et al., 2013a Li et al., , 2013b Beydoun et al., 2013; Kon et al., 2014; Cui et al., 2014a Cui et al., , 2014b . For instance, a homogeneous well-defined [Ru(triphos)(tmm)] catalyst was reported by Beydoun and coworkers. In the reductive methylation of amines by using CO 2 and H 2 , the desired product was isolated with 83% yield (Beydoun et al., 2014) . Another notable example is the ruthenium-pincer-type complexes, which were found to attain remarkable turnover numbers of up to 1,940,000 . Cui et al. described an efficient procedure for the reductive amination of CO 2 using Pd/CuZrO x catalyst, which can be realized with up to 97% yield under relatively mild reaction conditions (Cui et al., 2014a (Cui et al., , 2014b . As for non-noble-metal-based catalysts, active and high-cost reactants, such as methanol and phenylsilane instead of CO 2 and H 2 , were generally required in N-functionalization of amines to achieve the desired catalytic activity (Yang et al., 2015; Elangovan et al., 2016; Natte et al., 2017; Liu et al., 2018; Cui et al., 2014a Cui et al., , 2014b . Therefore developing efficient non-noble-metal-based catalysts for N-functionalization of amines with CO 2 and H 2 remains a grand challenge.
Herein, we report a rational design of In 2 O 3 nanocrystals with high density of grain boundaries (HGB-In 2 O 3 ), which shows remarkable catalytic performance toward methylation of amines using CO 2 and H 2 . During the methylation of N-methylaniline, HGB-In 2 O 3 achieved an optimal yield of 82.7% for N,N-dimethylaniline, which is not inferior to noble metal-based catalysts. In addition, 84% of the original reaction activity for HGB-In 2 O 3 was preserved after five rounds of reaction. Besides, HGB-In 2 O 3 exhibited excellent applicability in the methylation of amines. Further mechanistic studies revealed that the presence of high density of grain boundaries not only facilitated the adsorption and activation of CO 2 to generate CH 3 OH as the intermediate, but also enhanced the activation of N-H bond in amines, which led to the attractive catalytic activity of HGB-In 2 O 3 toward methylation of amines.
RESULTS
Synthesis and Structural Characterizations of In 2 O 3 Nanocrystals
To begin with, the metal-organic frameworks containing indium ions (In-MOFs) were synthesized in a Teflon-lined autoclave at 150 C for 20 h. Figure S1 shows representative scanning electron microscopic (SEM) images of the as-obtained In-MOFs, indicating the formation of stacked structure with single layer having thickness of $1 mm. In-MOFs were then calcined into powder in a muffle furnace at 350 C and kept for 3 h. Figure 1A shows a high-angle annular dark-field scanning transmission electron microscopic (HAADF-STEM) image of the as-obtained powder. Most of the nanocrystals take a square morphology with an average size of about 14.4 nm ( Table S1 ). The composition and crystalline structure of the as-synthesized powder were further analyzed by X-ray diffraction (XRD). The XRD profile shown in Figure 1D of the powder can be indexed to a highly crystalline In 2 O 3 phase with a body-centered cubic structure (JCPDS#89-4595). Figure 1C , demonstrating the homogeneous distribution of both In and O throughout the nanocrystal. When conducting the synthetic procedure similar to that of the HGB-In 2 O 3 except for changing the calcined temperature from 350 to 600 C, nanocrystals with an average size of about 22.2 nm containing grain boundaries were formed ( Figure S3 and Table S1 ). Owing to lower density of grain boundaries compared with HGB-In 2 O 3 , this sample was named as LGB-In 2 O 3 . For comparison, In 2 O 3 nanocrystals without grain boundaries (NGB-In 2 O 3 ) were also prepared according to a previously reported method (Gao et al., 2017; Albani et al., 2017) . These NGB-In 2 O 3 nanocrystals have an average size of about 20.2 nm ( Figure S4 and Table S1 ). Besides, the Brunauer-Emmett-Teller surface areas of all samples were also measured ( Figure 1E ) (Gu et al., 2015; Xu et al., 2007 Figure 1F ) (Ding et al., 2015) .
Catalytic Properties of HGB-In 2 O 3 in CO 2 Fixation
The catalytic properties of the as-obtained In 2 O 3 were evaluated in methylation of amines using CO 2 and H 2 . The model substrate was N-methylaniline leading to N,N-dimethylaniline. Each reaction was performed under 70 bar of mixed gas (CO 2 /H 2 = 1:3) at 180 C by using tetrahydrofuran as the solvent. A blank test was conducted without any catalyst, in which no product was observed. Figure 2A illustrates the product yields of adding 25 mg of In 2 O 3 catalysts with different density of grain boundaries. When the reaction was catalyzed by HGB-In 2 O 3 , N,N-dimethylaniline was produced attaining an yield of 82.7% after 9 h. In comparison, the yields decreased to only 21.7% and 12.6% catalyzed by LGB-In 2 O 3 and NGB-In 2 O 3 under the same reaction condition, respectively. Thus HGB-In 2 O 3 catalyst exhibits remarkable activity and selectivity, which was even comparable to the noble metal-based catalysts (Li et al., 2013a (Li et al., , 2013b Beydoun et al., 2013; Kon et al., 2014; Cui et al., 2014a Cui et al., , 2014b . To further investigate the diversity of catalytic property, we calculated the mass activity for In 2 O 3 catalysts at 180 C. As shown in Figure 2B , the mass activity of
, which is almost 4 and 7 times as high as that of LGB-In 2 O 3 and NGB-In 2 O 3 , respectively. We then plotted the profile of the mass activity versus D GB over different catalysts, where an almost linear correlation was observed ( Figure S5 ). This indicated that grain boundaries played the dominated role in catalytic performance. In addition, the stability of HGB-In 2 O 3 was also studied by performing successive rounds of reaction. As revealed in Figures 2C and S6, almost 84% of the original reaction activity was preserved after five rounds with product of N,N-dimethylaniline. In addition, the XRD patterns of the recovered HGB-In 2 O 3 were also indexed to a highly crystalline In 2 O 3 phase (JCPDS#89-4595) ( Figure S7A ). Although the morphology of the recovered HGB-In 2 O 3 had a slight change, grain boundaries in HGB-In 2 O 3 were still preserved after five cycles based on the high-resolution HAADF-STEM image ( Figure S7B ). Both XRD and HAADF-STEM results proved the high stability of HGB-In 2 O 3 , which is extremely important for potential applications in industrial processes by reducing the cost and pollution efficiently. Furthermore, hot filtration tests showed that the reaction was a heterogeneous catalysis ( Figure S8 ). In the filtrate, only 0.29% of In element relative to HGB-In 2 O 3 was leached determined by inductively coupled plasma atomic emission spectrometry. Figure 2D shows a systematic comparison of the methylation of various substituted anilines using HGB-In 2 O 3 as catalyst under 70 bar mixed gas (CO 2 /H 2 = 1:3) at 180 C for 24 h. When 4-chloroaniline was used as reactant, 4-chloro-N,N-dimethylaniline was obtained in high yield of 94.2%. On the contrary, in the transformations of aniline and 2-fluoroaniline, the yields of N,N-dimethylaniline and N,N-dimethyl-2-fluoroaniline slightly dropped to 90.9% and 89.2%, respectively. In addition, 74.3% and 53.2% of indole and 2,4,6-trimethylaniline converted into N-methylindole and N,N,2,4,6-pentamethylaniline, respectively. Notably, when using octylamine as the substrate, 26.3% of conversion was achieved with 99% selectivity of N-methyloctan-1-amine. As a result, HGB-In 2 O 3 exhibited excellent applicability in the methylation of amines.
Mechanistic Studies of Remarkable Catalytic Activity for HGB-In 2 O 3 in CO 2 Fixation
To elucidate the role of grain boundary in catalytic reaction, we investigated the interaction between CO 2 and In 2 O 3 catalysts. CO 2 temperature-programmed desorption (CO 2 -TPD) measurements of In 2 O 3 nanocrystals were implemented. Figure 3A illustrates CO 2 -TPD spectra of In 2 O 3 catalysts with different densities of grain boundaries. In the presence of HGB-In 2 O 3 , a prominent peak of desorption appeared at 448 C, which corresponds to the chemisorbed CO 2 . For LGB-In 2 O 3 and NGB-In 2 O 3 , two obscure desorption peaks emerging at 455 C and 457 C were in line with chemisorbed CO 2 and the other two weak peaks at around 70 C-80 C conformed to physisorbed CO 2 . The adsorption capability was compared on the basis of the peak area lying on the premise of setting the equivalent mass of each sample to 30 mg. The area of chemisorption peak of HGB-In 2 O 3 was almost 8 and 11 times larger than that of LGB-In 2 O 3 and NGB-In 2 O 3 , respectively. To further gain insight into the interaction between CO 2 and In 2 O 3 catalysts, we carried out in situ diffuse reflectance infrared Fourier transform (DRIFT) spectroscopic measurements. After treatment with CO 2 at 180 C for 30 min, the in situ DRIFT spectrum of HGB-In 2 O 3 exhibited a peak at 1,455 cm À1 assigned to CO 3 2À * species and another one at 1,285 cm À1 assigned to CO 2 dÀ * (Graciani et al., 2014) . With regard to LGB-In 2 O 3 and NGB-In 2 O 3 after exposure to CO 2 at 180 C for 30 min, peaks at 2,360 cm À1 appeared, corresponding to the frequency of physisorbed CO 2 * species ( Figure 3B ) (Wang et al., 2009) . As a result, grain boundaries are beneficial to the chemisorption of CO 2 . To rationalize the remarkable function of grain boundary in activation of CO 2 , we carried out density functional theory (DFT) calculations. One grain boundaries increases the internal energy of CO 2 molecule, further making it unstable and prone to reaction. Thus, grain boundaries encourage the adsorption and activation of CO 2 . We also performed in situ DRIFT measurement to study the activation of H 2 . Before recording the DRIFT spectrum, HGB-In 2 O 3 was exposed to H 2 (1 bar) at 180 C for 1 h. As shown in DRIFT spectrum, the set of frequencies at 3,660-3,551 cm À1 corresponding to the stretching vibration of O-H were observed ( Figure S10 ). It was thus speculated that H 2 was dissociated after adsorbing on the oxygen atoms of In 2 O 3 .
Furthermore, the interaction between amines and In 2 O 3 catalysts was also explored. Figure 4A of grain boundary in activating N-H bond. The adsorption energy of N-methylaniline on In 2 O 3 (GB) was À0.48 eV, implying exothermic adsorption on In 2 O 3 (GB). In comparison, the adsorption energy of 0.33 eV for In 2 O 3 (111) demonstrates that the adsorption of N-methylaniline on In 2 O 3 (111) was endothermic. As shown in Figures 4B and 4C , the length of N-H bond was 1.029 Å when absorbed on In 2 O 3 (GB), whereas for In 2 O 3 (111), the length of N-H bond decreased to 1.023 Å . The elongation of bond length was able to induce red-shift of stretching vibration frequency for adsorbed N-methylaniline on In 2 O 3 (GB), well consistent with the observation in in situ DRIFT measurements.
For methylation of amines with CO 2 and H 2 , the selectivity for product varies with the intermediate of the reaction. For instance, amide is generated when CO serves as the intermediate, whereas aniline is synthesized by forming CH 3 OH intermediate (Li et al., 2013a (Li et al., , 2013b Cui et al., 2014a Cui et al., , 2014b Tlili et al., 2014; Dang et al., 2015; Tsarev et al., 2015; Ogata et al., 2018; Ferná ndez-Alvarez et al., 2018; Goeppert et al., 2014; Liu et al., 2017; Zhang et al., 2019) . To determine the intermediate for methylation of amines, 70 bars of CO 2 /H 2 mixed gas (CO 2 :H 2 = 1:3) was allowed to react at 180 C for 8 h with In 2 O 3 catalysts. After completion of the reaction, CH 3 OH was detected as the main product except a spot of CO ( Figure 4D ). Therefore, CH 3 OH is considered to be the intermediate, conducive to methylation of amines. In addition, HGB-In 2 O 3 was endowed with the highest yield of CH 3 OH with a value of 17.7 mmol; owing to this, grain boundary promoted the activation of CO 2 ( Figure 4D ). In situ DRIFT measurement was also employed to further explore the reaction intermediate. After exposing HGB-In 2 O 3 to the mixed gas (CO 2 :H 2 = 1:3, 1 bar) at 180 C for 1 h, the DRIFT spectrum was recorded. As shown in Figure S10 , two sets of frequencies were observed. One set of frequency at 2,360 cm À1 corresponded to the physisorbed CO 2 * species. The other set of frequencies at 3,645-3,619, 2,968-2,863, 1,580, and 1,050 cm À1 corresponded to the stretching vibration of O-H, the stretching vibration of C-H, the bending vibration of C-H, and the stretching vibration of C-O in CH 3 OH* species, respectively. This result confirmed that methanol was the intermediate during the catalytic reaction, which was consistent with the previous results (Gao et al., 2017; Ye et al., 2013) . Moreover, to rationalize the function of activating amines in the methylation reaction, we applied CH 3 OH and N-methylaniline to react at 180 C catalyzed by In 2 O 3 catalysts. As shown in Figure 4E , when catalyzed by HGBIn 2 O 3 , N,N-dimethylaniline was produced attaining the yield of 79.8% after 4 h, 1.2 and 2.8 times higher than those of LGB-In 2 O 3 and NGB-In 2 O 3 , respectively. Thus the activation of amines can indeed control the activity of methylation reaction, which can be facilitated by grain boundaries. Taking the discussion above into account, we proposed the reaction pathway of methylation of amines as illustrated in Figure S11 . Collectively, grain boundaries not only facilitated the adsorption and activation of CO 2 to generate CH 3 OH as the intermediate (Equation 1, Figure S11 ) but also enhanced the activation of N-H bond in amines (Equation 3, Figure S11 ), which led to the attractive catalytic activity of HGB-In 2 O 3 toward methylation of amines.
DISCUSSION
In conclusion, given the high cost of noble metal-based catalysts, we reported a rational design of HGBIn 2 O 3 nanocrystals, which achieved remarkable catalytic performance toward methylation of amines with CO 2 and H 2 . We designed a series of In 2 O 3 nanocrystals with different density of grain boundaries, i.e., HGB-In 2 O 3 , LGB-In 2 O 3 , and NGB-In 2 O 3 . During the methylation of N-methylaniline, HGB-In 2 O 3 achieved an optimal yield of 82.7% for N,N-dimethylaniline, 3.8 and 6.6 times as high as those of LGB-In 2 O 3 and NGB-In 2 O 3 , respectively. Further mechanistic studies revealed that the presence of high density of grain boundaries not only facilitated the adsorption and activation of CO 2 to generate CH 3 OH as the intermediate but also enhanced the activation of N-H bond in amines, which led to the attractive catalytic activity of HGB-In 2 O 3 toward methylation of amines. This work not only develops a catalyst with high density of grain boundaries to achieve the methylation of amines but also opens up new possibilities for designing efficient non-noble-metal-based catalysts.
Limitations of the Study
Although HGB-In 2 O 3 exhibited excellent catalytic performance in the methylation of aromatic amines, the activity was still unsatisfactory when using fatty amines as substrates.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file. 
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Preparation of catalysts
HGB-In2O3 and LGB-In2O3: In-MOFs were synthesized by a previously reported method. NGB-In2O3: NGB-In2O3 was synthesized by a previously reported method (Albani et al., 2017) .
Briefly, 2 mmol of In(NO3)3·4.5H2O was dissolved in a mixture of deionized water (4 mL) and ethanol (12 mL), followed by the addition of the mixture of ammonia (3 mL, 25.0%-28.0%) and ethanol (9 mL) at room temperature. The resulting slurry was stirred for 10 min at 80 o C, before collecting the precipitate by filtration and washing it three times with deionized water and ethanol.
The obtaining solid was dried at 60 o C. Afterwards, the powder was placed into muffle furnace,
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followed by calcining at 400 o C for 3 h.
Estimation of the DGB for different catalysts
The DGB was estimated according to the following formulas:
S catalysts M catalysts = total surface area of catalysts total mass of catalysts = BET surface area (2) Where LGB and Sgrain-urface represent the length of GB and particle area determined by HRTEM and HAADF-STEM images, respectively. Scatalysts and Mcatalysts represent the total surface area and the total mass of the catalysts, respectively.
Catalytic tests
The methylation The mass activities shown in Figure 2B were calculated according to the following formula:
The mass activity = N N,N−Dimethylaniline M catalyst * h (3)
Where NN,N-Dimethylaniline, Mcatalyst and h represent the consumed amount of N, N-Dimethylaniline, the mass of the used catalysts and the reaction time (8 h).
In-situ DRIFT tests
In-situ DRIFTS experiments were conducted in an elevated-pressure cell (Harrick DRK 
S17
DFT calculations
All density functional theory (DFT) calculations were carried out using CASTEP module as implemented in the Materials Studios package of Accelrys Inc (Clark et al., 2005) . Generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) functional was employed for the electron exchange-correlation potential. The ultrasoft pseudopotentials was employed and the core electrons of atoms were treated using effective core potential (ECP). 400 eV kinetic energy cutoff was assigned to the plane-wave basis set. The Brillouin zone was sampled by 2 * 2 * 1
Monkhorst-Pack mesh k-points for surface calculations. The convergence tolerances were set to 5.0 * 10 -4 eV per atom for energy, 5.0 * 10 -4 Å for maximum displacement, and 0.01 eV Å -1 for maximum force. The vacuum width is 12 Å between the slabs along the Z axis. All atoms were relaxed during the geometry optimizations. The grain boundary was consisted with (111) and (110) surface. The binding energy of adsorbate (CO2 or C7H9N) on surfaces (Eadsorbate*) were calculated by Eadsorbate* = Eadsorbate*+surface -Esurface -Eadsorbate. Here Eadsorbate*+surface is the total energy of a surface covered with the adsorbate. Esurface is the energy of a surface. Eadsorbate is the energy of the adsorbate in the gas phase (Nie et al., 2018) . 
